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Materials and methods

Chemicals and Reagents. Fluorinated graphite (extent of labelling: >61 wt % F), ammonia (28—
30% [w/w], p.a.), sodium borohydride, and sodium citrate dehydrate (p.a.) were obtained from
Sigma-Aldrich. Silver nitrate (p.a., Fagron), sodium hydroxide (p.a., Lach-Ner). Sodium

thioglycollate (NATG) was purchased from Sigma-Aldrich. Ultrapure water was used (produced
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by MERCI AQUAL29) with a conductivity of 0.05 pS cm ™. Graphene oxide (GO) dispersion in
water was purchased from Graphenea.

Bacterial Strains. The following standard reference strains (labelling according to the Czech
Collection of Microorganism, Masaryk University, Brno, Czech Republic) were used for
antimicrobial activity determination: S. aureus CCM 4223 (Gram-positive), E. coli CCM 3954
(Gram-negative). The following bacterial strains were isolated from human clinical material at
the University Hospital, Olomouc, Czech Republic, and used for testing antimicrobial activity:
Staphylococcus epidermidis (901), methicillin-susceptible Staphylococcus epidermidis (Gram-
positive), methicillin-resistant S. aureus (MRSA), and ESBL-positive K pneumoniae (Gram-
negative). These strains are part of the collection of microorganisms of the Department of
Microbiology (Faculty of Medicine and Dentistry, Palacky University Olomouc) and are stored
in cryotubes (ITEST plus, Czech Republic) at —80 °C. E. coli and P. aeruginosa resistant to
silver nanoparticles were provided also by the abovementioned collection of microorganisms of

the Department of Microbiology and were prepared as reported previously.!!

Cell Lines. For cellular toxicity studies, adherent human lung fibroblasts HEL 12469 (ECACC
94101201), human skin fibroblasts BJ (ATCC), and human cervical adenocarcinoma HelLa

(ATCC) cell lines were used.

Synthesis of Cyanographene. Cyanographene was prepared according to a previous reported
route,” but on a larger scale, starting with 4 g of FG. Fluorinated graphite (4 g, ca. 129 mmol,
based on C-F bonds) was stirred for three days in 240 mL of DMF at room temperature. The

resulting dispersion was then divided into six batches of approximately equal volume, in 50 mL



round-bottom glass flasks. These batches were sonicated for 4 h (Bandelin Sonorex, DT 255H
type, frequency 35 kHz, power 640 W, effective power 160 W) under a nitrogen atmosphere
before being recombined. NaCN (5.1 g, 106 mmol) was then added to the recombined dispersion
and the mixture was heated at 130 °C with a condenser under stirring (500 rpm). Both the molar
ratio of NaCN to FG and the volume of DMF relative to the mass of FG were lower than in the
previous synthesis./! After 48 h of stirring, the reaction mixture was separated by centrifugation
and purified by successive washing steps using DMF (2x), acetone (3x), ethanol (3x), and water
(3x), followed by hot (80 °C) DMF and water. During the centrifugations in DMF and in water,
HCI was added (5 wt. %, 0.3 mL) to aid the precipitation of the nitrile-modified graphene flakes.
Washings with acidified solvents were also useful for removing Na*, which was bound to the
product as a counter-ion due to the GCN flakes’ negative zeta potential. Finally, the product was
subjected to dialysis and the final aqueous suspension (pH = ~8, S = ~150 pS cm ™) was stored at

room temperature.

Synthesis of GCN/Ag. GCN/Ag was synthesized by chemical reduction of a precursor material,
where silver cations were coordinated on the GCN sheet. For this purpose, a 1.5 mL suspension
containing 5 mg of GCN was mixed with 10 mL of 2.2x10° M AgNOjs solution under vigorous
stirring for 24 hours at room temperature. Then, the dispersion of the Ag*-modified GCN was
three times purified by washing with distilled water and centrifugation at 15,000 rcf in order to
remove silver ions not firmly coordinated on the GCN flakes. After purification, the Ag*-
modified GCN was redispersed in 10 mL of distilled water followed by addition of 10 mL of
3.2x10"3 M NHj solution and 10 mL of 6.9x10% M sodium citrate solution. Chemical reduction

was initiated by addition of 2 mL of 2.2x10 M NaBH, solution and kept in the dark for one



hour. The final silver-nanoparticle-decorated GCN/Ag product was three times washed with
distilled water and centrifugated at 10,000 rcf and dried. Dried GCN/Ag was suspended in
appropriate volume of water to get a final concentration of 2 g L™ of hybrid for antibacterial and
cytotoxicity assays. GCN/Ag contained 13 wt. % of Ag, according to atomic absorption

spectroscopy.

Synthesis of Silver Nanoparticles. Colloidal silver 28 nm sized particles were synthesized via a
modified Tollen’s method using maltose as reducing agent, according to Panacek et al.l®! Briefly,
[Ag(NHa3),]" complex (prepared by mixing AgNOs with NH;OH solution) was reacted with
maltose at room temperature for 5 min. The initial concentrations of the reaction components
were 10 mol L™ and 0.01 mol L™ for AgNOs and the reducing agent, respectively. The
concentration of ammonia was 0.005 mol L™,

Silver NPs (size 10 nm) were synthesized using the same method as in the case of 28 nm sized
AgNPs but using a stronger reducing agent (NaBH,) instead of maltose and 0.01% gelatin as

stabilizer of silver NPs.

Antimicrobial Assays. Antimicrobial activity was evaluated using the standard dilution method,
which enables determination of the minimum inhibitory concentration (MIC) of the tested
material, for achieving total visible growth inhibition of the tested bacterial strain. The
methodology according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST, ref. 40 in the manuscript) was followed. For the purpose of antimicrobial testing,
water suspensions of GCN/Ag at the concentration of 2 g L™ were used. Testing was carried out

in microtiter plates where the tested samples were diluted by the culture medium (Mueller



Hinton Broth, BD Difco, France) in a geometric progression from 2 to 1024 times. Culture
medium was inoculated with the tested bacteria at a concentration of 10° to 10° CFU mL . After
24 h incubation at 37 °C, MICq values with respect to the concentration of the hybrid, as well as
to the concentration of silver only, were determined as the lowest concentrations of the tested
substance inhibiting the visible growth of microorganisms (absence of clouding, growth appears
as turbidity or as a deposit of cells at the bottom of the well). The obtained Ag-based MICq
values were compared with those of AgNO3 solution and with 28 nm sized AgNPs in water
dispersion.

The effect of silver ions on the antibacterial activity of GCN/Ag was evaluated by comparison of
the MICqo values of GCN/Ag with and without the addition of a silver ion complexing molecule
(thioglycolate, NATG 0.1 w/v). MIC;q was tested by the dilution method on the bacterial strain
of E. coli 5556 in the same way as described previously. After 24 h incubation at 37 °C, MICyq

values of GCN/Ag and GCN/Ag" NATG were evaluated.

Induction of bacterial resistance towards GCN/Ag nanocomposite. The MIC of the
nanocomposite was determined as described above. After the 24-hour cultivation with
subinhibitory concentrations of GCN/Ag, 10 pL of Mueller—Hinton broth containing the
surviving bacteria were taken from the wells and were sub-cultured on blood agar (TRIOS) at
37 °C for 24 hours. Bacteria grown on blood agar were used for inoculum preparation

at a density of 10° CFU/mL and for the next culture step. The described procedure by now is
considered as one culture step and one bacterial generation. Sixty steps were performed in total
in order to monitor any possible increase in the MIC of GCN/Ag, which would indicate the

development of bacterial resistance.



Reactive oxygen species (ROS) determination in E. coli. Bacteria treated with GCN/Ag for

10 h: Mueller-Hinton (MH) broth containing GCN/Ag at concentration corresponding to MICigo
was inoculated in E. coli and the bacteria were grown for 8 hours at 37 °C, before the addition of
the ROS probe, as described in the following.

Bacteria treated with GCN for 5 h and control samples: E. coli was grown to mid-log phase in

MH broth at 37 °C and split to three tubes. In the first GCN/Ag was added at concentration
corresponding to MICyqo. All three samples were incubated for 3 hours at 37 °C, before the
addition of the ROS probe, as described in the following.

Detection of ROS: The culture medium from all samples (four in total) was exchanged with PBS

and the cultures were transferred to a 96-well microplate. The ROS probe CM-H2DCFDA
(Invitrogen, C6827) was added to a final concentration 1 pM. In the case of positive control,
hydrogen peroxide was also added to a final concentration 2 mM. The samples were incubated at
37 °C for another 2 hours in the dark. Finally, the fluorescence was recorded using fluorescence
microplate reader Infinite 200 Pro (Tecan) at ex./em. wavelengths of 492 nm/527 nm. The
procedure was performed 5 times.

Cell Cultures and Cytotoxicity/Cell Viability Assay. For cellular toxicity, human lung
fibroblasts HEL 12469 and human skin fibroblasts BJ (ATCC) cells were cultivated at 37 °C
under a 5% CO, atmosphere in EMEM—Eagle’s Minimum Essential Medium (Sigma-Aldrich),
enriched by L-Glutamine, non-essential amino acids (NEAA), fetal bovine serum (FBS),
PenStrep (5000 U penicillin, 5 mg streptomycin mL ™), and sodium bicarbonate (7.5%). The
HeLa cells were cultivated at 37 °C under a 5% CO, atmosphere in DMEM — Dulbecco’s
modified Eagle’s medium (Invitrogen, USA) supplemented with L-Glutamine, 10% FBS, and

1% PenStrep (10000 U penicillin, 10 mg streptomycin mL™).



Cell viability was evaluated using a BD FACSVerse flow cytometer (BD Biosciences, USA).
Ten thousand cells were seeded per well in a 96-well plate. Cells were incubated with GCN/Ag
at various concentrations (based on the total mass) from 8 to 120 mg L™ for 24 h. After 24 h, the
supernatant was collected, and cells were gently washed with PBS solution (0.1 M, 7.4 pH).
Then, cells were detached with trypsin (0.25% in EDTA, Sigma-Aldrich), resuspended in 100 pL
of culture media and added to supernatant. Viability of cells was determined by propidium iodide
(P1) and calcein-AM fluorescent probes. Cells were incubated with 1 pL of PI (1 pg mL ™) and 2
ML of calcein-AM, diluted in DMSO (50 pM), for 20 minutes and the fluorescent signal was
measured by flow cytometer using red channel (exc. 488/em. 586) for Pl and green channel (exc.
488/em. 527) for calcein. Red signal of PI revealed dead cells, which lost their membrane
integrity, while green signal was represented by cells with active intracellular esterases that
catalyzed the non-fluorescent calcein-AM to highly fluorescent green calcein. The viability was

established and normalized to control cells with 100% viability.

Instrumentation. The materials were characterized by transmission electron microscopy (TEM)
using a JEM 2010 TEM instrument (Jeol, Japan). UV-vis spectra of GCN/Ag dispersions were
recorded on a Specord S 600 (Analytic Jena, Germany) spectrophotometer. Zeta potential of the
GCN/Ag colloid was obtained by electrophoretic mobility measurements using Zetasizer
NanoZS (Malvern, UK). The amount of silver immobilized on GCN, as well as the amount of
silver released from GCN/Ag during leaching tests was measured using atomic absorption
spectroscopy (AAS), on a ContrAA 600 with graphite furnace (Analytik Jena AG, Germany)
equipped with a high-resolution Echelle double monochromator (spectral band width, 2 pm at

200 nm) and a xenon lamp as a continuum radiation source. For AAS measurements, GCN/Ag



was added (at concentration equal to 0.01g L) into a solution of nitric acid (2 % w/w) and
sonicated for 10 minutes in order to quantitatively dissolve silver. In order to determine leaching
of AgNPs from GCN/Ag, 5.8 mg of GCN/Ag was dispersed in 4 mL of distilled water and 4 mL
of culture medium followed by shaking for 24 and 72 hours. Then it was filtered using syringe
filter (0.2 um pore size) to obtain the possibly released AgNPs and/or leached silver as Ag
cations. After filtration, in order to dissolve the possibly present Ag NPs, 2 mL of filtrate were
put to 50 mL of 2% nitric acid for 30 min. The quantity of released silver in the filtrate was
determined with AAS.

FTIR spectra were recorded on an iS5 FTIR spectrometer (Thermo Nicolet) using the Smart
Orbit ZnSe ATR accessory. Briefly, a droplet of an ethanol dispersion of the relevant material
was placed on the ZnSe crystal and dried. The spectra were then acquired by summing 52 scans
while using a nitrogen gas flow through the ATR accessory. ATR and baseline correction were
applied to the collected spectra.

Raman spectra were recorded on a DXR Raman microscope using the 633 nm excitation line of a
diode laser. For measuring 1.5 mg of GCN/Ag was diluted in 4 mL of distilled water.
High-resolution X-ray photoelectron spectroscopy (HR-XPS) was carried out with a PHI
VersaProbe 11 (Physical Electronics) spectrometer using an Al K, source (15 kV, 50 W). The
obtained data were evaluated and deconvoluted with the MultiPak (Ulvac - PHI, Inc.) software
package. The spectral analysis process involved Shirley background subtraction and peak
deconvolution using mixed Gaussian—Lorentzian functions.

HR-TEM images were obtained using a HR-TEM TITAN 60-300 microscope with an X-FEG
type emission gun, operating at 300 kV. Scanning transmission electron microscopy high-angle

annular dark-field imaging (STEM-HAADF) analysis for EDS (energy-dispersive X-ray



spectroscopy) elemental mapping on the products was performed with a FEI Titan HR-TEM
microscope operating at 80 kV. For this analysis, a droplet of an aqueous dispersion of the
material under study with a concentration of ~0.1 mg mL ™ was deposited on a carbon-coated

copper grid and dried at room temperature for 24 hours.

SEM Observation of Bacteria. Bacteria were incubated in normal bacteria cultivation medium
or in presence of GCN/Ag. Bacteria were incubated for 24 h in 96-well microtiter plates in the
same way as described above (standard dilution method). Sub-inhibitory concentration of the
GCN/Ag was used in order to observe bacteria before their death, since at higher concentration,
no bacteria could be observed, apart from bacterial debris. In the following, bacteria were
washed from broth residues by centrifugation, redispersion in PBS, repeated centrifugation and
finally were redispersed in water. Then bacteria were fixed on gold-coated microscope glass
slides by flame, in order to be characterized by scanning electron microscopy. All the samples
prepared by this approach were observed by scanning electron microscope (Hitachi SU6600)

with acceleration voltage 1.5 kV.

Computations. All DFT calculations were performed using projector-augmented plane method,
implemented in Vienna Ab initio Simulation Package (VASP).1** GCN (cyanographene) was
modelled as a 3x3 and 4x4 supercell of graphene; its surface was covered by 10% of CN groups.
In both, at least 15 A of vacuum was set along the z-axis to avoid the spurious interaction due to
periodic boundary conditions. The energy cutoff was set to 600 eV and the Brillouin zone was
sampled by 5x5x1 k-points. The geometric optimization of the model and adsorption energies

were calculated using the optimized van der Waals functional optB86b-vdW, which properly
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includes weak van der Waals bonding and provides reliable adsorption energies.!® The ultra-
small silver NPs were represented as a) the single silver atom or b) the icosahedral nanocluster
comprising of 13 Ag atoms. The binding in GCN/Ag was assessed by calculating the adsorption
energies of AgQNP models to the GCN support using Equation (1):

Eads= Eccn+agne — Ecen— Eagne 1)
in which Egcn+agne denotes the total energy of GCN/Ag, i.e., silver NP adsorbed represented by
the silver atoms or icosahedral nanocluster attached to the CN group of cyanographene. Egcn IS
the total energy of cyanographene and Eagne is the total energy of the isolated silver atom or
icosahedral nanocluster.
The Ag-N bond was characterized by calculating the Mulliken and Hirshfeld charges and
electron localization function (ELF) for the GCN/Ag. The Mulliken and Hirshfeld charges were
calculated in the FHI-aims codel” using the cluster model of GCN/Ag. The ELF was calculated
in VASP and the figure of the ELF density was plotted using the VESTA package.
The Raman shift of the Ag-N stretching vibration was obtained by calculating the vibrational
spectrum of GCN/Ag and consequent analysis of the eigenvectors of the force-constant matrix.
The elements of the force-constant matrix were determined using density-functional perturbation
theory in VASP.
Classical all-atom molecular dynamics (MD) simulations were performed using the Gromacs 5.0
software, AMBER Lipid14 and AMBER ff99 force field.> ¥ Lennard-Jones (LJ) parameters for
the cyanographene carbon atoms were taken from the literature.™ The LJ parameters developed
for simulations of silver nanoclusters in water were adopted, and the LJ parameters for
interaction of silver and carbons atoms were taken from the literature, too.™* The silver atoms

and hence the entire nanoclusters were modelled as uncharged. Partial atomic charges of
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cyano-group and the C—H edges of cyanographene and graphene were derived using RESP
method, the aromatic carbon atoms were uncharged.!*® The model of face centered cubic
interaction (fcc) silver nanoclusters were built using NanoCrystal,™ where two common crystal
planes (111) and (100) were chosen to form the final structure having 55 atoms (diameter ~5.8
A). The model of GCN/Ag was built by grafting two silver nanoclusters on cyanographene
flakes (i.e., graphene flake having ~13.5% degree of functionalization by cyano groups of size
~42.2 x 43.5 A) each via one Ag—N bond. The bonded parameters were set based on our ab-
initio calculations.

Real cell walls of Gram-negative and Gram-positive bacteria have very complex composition.t*”!
and their modeling still represents a challenge for computational chemistry. The bacterial cell
wall of Gram-positive bacteria involves thick layer of peptidoglycan network, which models are
still under intensive development.®'¥ The bacterial cell wall of Gram-negative bacteria contains
an outer membrane with lipopolysaccharides and a thin peptidoglycan layer. Both bacteria have
inner plasma membrane containing 60/13 % of phosphatidylethanolamine (PE) and 13/77 % of
phosphatidylglycerol (PG) (Gram-negative/Gram-positive).*?!] The results of MD simulations
should be interpreted with care taking into account that homogeneous membrane models cannot
cover all the complexity and diversity of the bacterial membranes.’?? We used a simplified
model based on 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) as a dominant lipid
in bacterial membrane of Gram-positive bacteria. POPG membrane was built as a bilayer of 128
POPG molecules by CHARMM-GUI,®! and pre-equilibrated for 85 ns. After a minimization,
GCN/Ag was placed together with the POPG bilayer in a cubic box (~66 x 66 x 110 A). The
entire simulation box was solvated with TIP3P water model containing 0.154 M NaCl using

Amber-adapted Aqvist parameters for Na* and Smith & Dang parameters for CI~.** %! periodic
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boundary conditions were applied in all three dimensions, bonds involving hydrogens were
constrained using the LINCS algorithm,?” allowing a 2 fs time step in all simulations. The
cutoff radius for van der Waals interactions and the real part of electrostatics was set to 10 A.
Long-range electrostatic interactions were treated using the particle-mesh Ewald (PME) method.
A long-range dispersion correction was applied to the energy and pressure. The productive runs
were carried out in an NpT ensemble for 1.0 ps. The temperature was held at 310 K using Nose-
Hoover thermostat with a 0.5 ps coupling constant and coupled with the semi-isotropic barostat
with a 1.0 coupling constant and a reference pressure of 1.0 bar.?*! Figures were rendered
using PyMOL software.®™ Comparative simulations with the same methodological workflow
were carried out for mixed POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine):POPG (3:1) membrane with GCN/Ag hybrid, two silver nanoclusters,

cyanographene and graphene nanoflakes.

Statistical analysis

For human cell studies as well as for bacterial ROS determination, we performed three and five
independent experiments respectively, and the mean + standard deviation (SD) was calculated.

Student t-test was performed for each concentration and compared with negative control using

the statistical software TIBCO, 2018. Any difference was considered significant and very

significant at p < 0.05 and p <0.01, respectively.[szl

13



Supplementary Tables and Figures.

Table S1. MIC values (for 100% bacterial inhibition growth) and cytocompatibility
concentrations of the GCN/Ag hybrid compared with representative graphene/Ag-based

antibacterial agents reported in the literature.

MIC?
ma L1132 _ e .
[mg L] Incubation Cytocompz_:llt |£)|I|ty ((:(ilrl I-'Q)e
time [h] [mg L] Sl
Normal strains DFug-res.
bacteria
human lung
GCN/Ag 1.8 (0.2) 3.7 (0.5) 24 60 (7.5) fibroblasts 4-8
(HEL 12469)
[33] 10 (2.8 cancer cell
2(0.6) 5 (1.4) 18 029 (HoLo) 5-10
[34] : 315 mouse macrophage
0.7 (0.35) X Overnight 8(0%) (RAW 264.7) 10
human embryonic
(3] 1.6 X 24 1.2 kidney 22
(HEK 293)
[36] 10 (5) . 10 (5) cancer cell B
94% X Overnight 8506 (HeLa) 30-50
[37] 2(1 cancer cells
2(1) 2 15 42) (HeLa, MCF-7) | 2-10
(3] 50 (1.7) X 18 X 30-50
(391 3.2 (1.6) X 24 X 14
[40] 2 X 8 X 5-15
tl X 2.4 (1.1) 24 X 10-30
142l 60 X 24 X 8
3] 62.5 (43.7) X 24 X 1-15

# Numbers refer to values with respect to the mass of the hybrids and the numbers in parentheses refer to the values
with respect to the mass of the Ag only, according to its content in the hybrid. The percentiles appearing bellow
refer to cases where the bacterial growth inhibition was not 100%, or where cytocompatibility did not refer to 100%
viability of the cells. “X” stands for unavailability of data.
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Table S2. MIC values (for 100% bacterial inhibition growth) of the starting GCN, GCN/Ag
hybrid, ionic silver (AgNO3), GO, and colloidal AgNPs against drug-sensitive, multidrug-
resistant, and AgNP-resistant bacterial strains.

Material AgNPs AgNPs

(28 nm) (10 nm)

GCN/Ag GO  AgNO;

Bacterial strain
Escherichia coli
CCM 3954 1.8(0.2) | >1880 | >1500 0.8 34 1.7
(Gram-negative)
Staphylococcus aureus CCM3953
(Gram-positive)
Staphylococcus epidermidis (901)
(Gram-positive)
Staphylococcus aureus (MRSA
4591) 14.7 (1.8) | >1880 | >1500 0.8 6.8 1.7
(Gram-positive)
Klebsiella pneumoniae
(ESBL 2486) 3.7(0.4) >1880 | >1500 1.7 6.8 3.4
(Gram-negative)
Escherichia coli CCM (AgNP-
resistant 3954) 27.6 (3.6) | >1880 | >1500 1.7 108 108
(Gram-negative)
Pseudomonas aeruginosa (AgNP-
resistant 008) 14.7 (1.8) | >1880 | >1500 1.7 54 54
(Gram-negative)
# Values refer to the mass of GCN/Ag and values in parentheses refer to the MIC values with respect to the mass of
the Ag only, according to its content in the hybrid. The Ag content in GCN/Ag hybrid was 13 wt. %.

14.7 (1.8) | >1880 | >1500 1.7 3.4 1.7

59.7(7.2) | >1880 | >1500 0.8 1.7 0.8
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Table S3. MIC values (for 100% bacterial inhibition growth) of the GCN/Ag hybrid compared
with representative antibacterial agents reported in the literature.

a
Incubation MIC_l
Material time [mg L~] Ref.
[h] E. coli MR S. aureus
a a This
GCN/Ag 24 1.8 (0.2) 147 (1.9 | Lork
. 9.8 [44]
Ho-GO-Au | Overnight X 50%
AgMOF-N1 24 4 X 19l
GMO-LL-37 X 40 inactive (4]
120 471

SCG 11 X 0%

CS - 12 2 48]
DA/PMB
Si sheets X 200 200 ]

. 5 [50]
OSiNDs - Van 48 X 100%

Ca0, 24 100 X B
A?\A@O%D' 10 32 512 [52
Cu,WS, 4 1.7 0.7 3]

25 [54]

Pd@Ir 12 ~50% X

#Numbers refer to values with respect to the mass of the GCN/Ag hybrid and the numbers in parentheses refer to the
values with respect to the mass of the Ag only, according to its content in the hybrid. The percentiles appearing
bellow refer to cases where the bacterial growth inhibition was not 100%, or where cytocompatibility did not refer to
100% viability of the cells. “X” stands for unavailability of data.
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Table S4. MICygo values for the hybrid (GCN/Ag), silver nanoparticles (28 nm diameter,
AgNPs), and free silver ions (AgNOs3 solution) in presence of the Ag*-complexing agent of
sodium thioglycollate (NATG).

Antibacterial Minimum inhibitory concentration
agent (mg L™)*
CONTROL | +NATG | M!Cu0
Increase
GCN/Ag 0.8 34 4x
AgNPs 34 27 8x
AgNO3 0.8 135 16x

& Experiments performed in triplicates.

Figure S1. a-d) HRTEM images of the ioni GCN/Ag".
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Figure S2. a,b) TEM images of AgNP-decorated graphene oxide prepared under identical

conditions as the GCN/Ag material.
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Figure S3. UV-Vis absorption spectra of pure GCN, GCN with immobilized silver in ionic form

Absorbance (a.u.)

(GCN/Ag") and of GCN with immobilized AgNPs.

Figure S4. Electron localization function plot of the GCN/Ag" precursor for the evaluation of
the Ag-N bond character.
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Figure S5. FT-IR spectra of pure GCN and GCN/Ag nanohybrid. During the Ag ions reduction

reaction, no changes on the nitrile groups took place, as evidenced by the persistent band at 2200
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Figure S6. MIC,y values with error bars of GCN/Ag hybrid against drug-sensitive, multidrug-
resistant, and AgNP-resistant bacterial strains. The error bars originate from the respective error

in the Ag content in the different GCN/Ag batches and from the measurement method. (n = 3)
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FigureS7. a,b) TEM images of G(EI—\I*/_Aﬁg after 6 months of storage in water.
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Figure S8. a-e) Time evolution of GCN/Ag during its interaction with phospholipid POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol) membrane studied by MD simulation
(color coding: grey — silver; cyan and green — carbon; red — oxygen; blue — nitrogen; orange —
phosphorus; water molecules and ions are omitted for clarity, except for the starting structure,

0 ns); and f) the corresponding density profile (averaged over last 800 ns of the MD simulation)
along the normal to the lipid bilayer plane displaying densities of the entire POPG membrane
(green), polar lipid headgroups of phosphatidylglycerols (red, PGR), silver nanoclusters (grey),

cyanographene GCN (cyan).
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Figure S9. Snapshots form MD simulations of a) cyanographene, b) two silver nanoclusters, and
c) graphene on POPG membrane (color coding: grey — silver; cyan and green — carbon; red —
oxygen; blue — nitrogen; orange — phosphorus. For the final structures, water and ions are

omitted for clarity).
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Figure S10. The interaction of GCN/Ag with POPE:POPG (3:1) membrane studied by MD
simulations (color coding: grey — silver; cyan and green — carbon; red — oxygen; blue — nitrogen;

orange — phosphorus; water molecules and ions are omitted for clarity).

X ¥
10000

8000

6000

ROS (RFU)

4000 -

2000 -

Figure S11. Generation of reactive oxygen species (ROS) in E. coli without any treatment or
treated with GCN/Ag for 5 and 10 hours at a concentration corresponding to MIC;. Hydrogen

peroxide (2mM, 2h of incubation) was used as positive control. Error bars represent +SD, n = 5.

** indicates p-value < 0.01.
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Figure S12. a,b) Native Ag-resistant E. coli and c,d) treated with GCN/Ag at sub-inhibitory

>

concentration. The native E. coli show smooth cell membrane surface, while those treated with
GCN/Ag show quite increased roughness or bumps, indicated in some cases with the arrows.

Bacteria were treated with 1.7 ugay mL ™.
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Figure S13. a) Native MRSA and b—e) treated with GCN/Ag at sub-inhibitory concentration. f,q)
Details of MRSA treated with GCN/Ag at sub-inhibitory concentration. The arrows show
biological material corresponding to dead MRSA bacteria cells. MRSA were treated with 13.5
1gag mL*; in general there are no evident membrane changes in this case of the Gram-positive

bacteria. Nevertheless, GCN/Ag remained very effective in this case as well.
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